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Introduction AML (Acute Myeloid Leukemia, AML) is a highly heterogeneous disease. Only 20% to 30% of AML patients enjoy long-term disease-free survival (DFS) after traditional anthracycline-and cytarabine-based induction regimens [1] . The majority of AML patients die because of refractory or relapsed disease [2, 3] . To development novel agents for refractory or relapsed AML patient is urgently needed. SAHA(suberoylanilide hydroxamic acid), one of the HDACIs (Histone deacetylase inhibitors), has been shown in phase 1 clinical studies to be a promising agent that could be used in relapsed AML patients because of its favorable oral bioavailability and acceptable toxicity [4, 5] . However, SAHA showed different therapeutic effectiveness in treatment with AML patients. Recently a phase 2 clinical study of SAHA showed that a subset of AML patient was refractory to SAHA treatment [6] . Thus, knowledge of molecular basis for SAHA-mediated lethality is important for determining the most effective chemotherapeutic regimen and finding valuable biomarkers that can predict responsiveness in AML patients.
Induction of apoptosis is an important mechanism of chemotherapeutic drugs-induced cell death in transformed cells. SAHA is capable of inducing apoptotic cell death in leukemia cells by up-regulating the expression of certain genes. For example, SAHA promotes expression of TRAIL (TNF-related apoptosis-inducing ligand), a member of the TNF superfamily, by directly activating the TNFSF10 promoter. This triggers TRAIL-mediated apoptotic cell death in acute myeloid leukemia (AML) cells [7, 8] . Furthermore, a number of cell cycle regulators are affected by HDACI treatment. The cyclin-dependent kinase (CDK) inhibitor p21 is one of the most common cell cycle genes induced by SAHA [9, 10] . SAHA is known to induce a specific increase in histone acetylation of H3K4 in the p21 promoter region and promote the expression of p21 mRNA and protein [9] . Whereas increased p21 expression is correlated with a block in proliferation, a number of reports have demonstrated that p21 can also affect apoptosis induced by HDACIs [11] [12] [13] . Andrew et al. reported that in human melanoma cells, p21 expression was up-regulated by histone deacetylase inhibitor ABHA (azelaicbis hydroxamic acid) and correlated with reduced sensitivity and a block of the apoptotic mechanism [12] . Cells that did not up-regulate p21 expression were sensitive to ABHA and died via apoptosis. In addition, Vrana et al. reported that p21-antisense cells were significantly more sensitive to SAHA-mediated apoptosis [11] . Although p21 seems to protect cells from SAHA-mediated apoptosis, the molecular mechanism by which p21 inhibits SAHA-mediated apoptosis is not well understood.
In the present study, we assessed the expression level of p21 and apoptotic rates after SAHA treatment in three human acute leukemia cell lines: HL60, NB4, and U937. Interestingly, we found that up-regulation of p21 blocked the TRAIL-mediated extrinsic apoptosis, which resulted in reduced sensitivity to SAHA. Conversely, p21-silencing by siRNA enhanced SAHAinduced apoptosis. Finally, we showed that the combined use of rapamycin down-regulated p21 and partially overcame p21-mediated resistance to SAHA. Our findings provided a novel mechanism that has critical implications for clinical AML treatment.
Materials and Methods

Cell culture and viability assay
The AML cell lines HL60, U937, and NB4 were purchased from the American Type Culture Collection and maintained in RPMI-1640 supplemented with 10% fetal bovine serum (Hyclone), penicillin (100 units/mL; Sigma), and streptomycin (100 units/mL; Sigma). The cells were routinely maintained at 37°C in a humidified 5% CO 2 incubator. MTT assay was used to measure cell viability. Briefly, cells were plated in U-shape 96-well plates (JET BIOFIL) and then treated with the indicated treatments for 24 h. To determine cell viability, 20μl of 10mg/ml MTT (3-(4,4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma) was added to each well, and the plates were incubated for an additional 4 h. After 1500 rpm×10min centrifugation, the supernatant was removed, and the formed crystals were dissolved in 200µl 
Plasmid constructs
The retrovirus construct MSCV-GFP was a gift from professor Huanghua (NJ health). The p21 gene product was synthesized from the cDNA of NB4 cells using PrimeSTAR DNA polymerase (TAKARA) with the primers: 5'-ATCGTCAGATCTATGTCAGAACCGGCTGGG-3'(sense) and5'-AGGCTCGTCGACTTAGGGCTTCCTCTTGGAGA-3'(antisense), and then subcloned into the MSCV-GFP vector.
Viral infection
Retroviruses containing MSCV-GFP and MSCV-P21 were packaged in GP2-293 cells by co-transfection with the envelope glycoprotein expression vector pVSV-G. Cells were infected with virus-containing media in the presence of 5μg/ml polybrene (sigma) for 24 h, and then positive cells were sorted by flow cytometry (Beckman).
RNA interference
Cells were cultured for 16 hours in 6-well plates before transfection. The siRNA oligonucleotides (sip21-1:
5' AGCGAUGGAACUUCGACUUTT-3', sip21-2:5'UGUCAGAACCGGCUGGGATT3', sip21-3: 5'GACC-AUGUGGACCUGUCACTT3', siTRAIL-1: 5' AACGAGCUGAAGCA-GAUGCAG3', siTRAIL-2: 5'GGCAUUCAUUCCUGAGCAATT3', siTRAIL-3: 5'GUCUAAAGAUGCAGAAUAUTT3', control:5'UUC-UCCGAACGUGUCACGUTT3') were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. To confirm down-regulation efficacy, targeted genes were detected by western blot.
Apoptosis assay and cell cycle assay
The cells were treated with indicated concentrations of SAHA for 24 h. Apoptosis was measured using the AnnexinV-PE/7AAD apoptosis kits (KeyGen) according to the manufacturer's protocols. Data acquisition and analysis were performed using Cell Quest software via flowcytometry. For cell cycle analysis, cells were fixed in pre-cold ethanol, pelleted, resuspended in staining buffer (0.2% TritonX-100, 0.1 mg/ml RNAse A, and 0.05 mg/ml propidium iodide), incubated at -20°C overnight, pelleted, and resuspended in PBS before analysis. Cell cycle distribution was determined using the ModFit LT program (Verity Software).
Western blot
Western blot analysis was performed to detect p21, cleaved-PARP, TRAIL, caspase-8 and β-actin expression. Antibodies were purchased from cell signaling technology. Briefly, cells were treated for 24 h, then collected and washed with PBS. Cells were lysed with lysis buffer. 30ug of protein lysates was electrophoresed on SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were blocked, incubated with indicated primary antibodies at 4℃ overnight, and then conjugated with appropriate secondary antibodies. Protein bands were visualised with enhanced chemiluminescence.
Statistical analysis
Statistical analysis was performed using SPSS V. 17.0 (SPSS, Inc). The χ 2 test and Student t-test were used to make statistical comparisons between groups. Data were presented as the mean ± standard deviation (SD) and were representative of at least three independent experiments. Statistical tests were two-sided. P values < 0.05 were considered to be statistically significant.
Results
Different acute leukemia cell lines show different sensitivity to SAHA
The AML cell lines HL60, U937 and NB4 were treated with the indicated concentrations of SAHA. Exposure to SAHA sharply diminished viable cell number of HL60 cells in a dose dependent manner, whereas SAHA exerted modest effect on NB4 and U937 cells (Fig. 1A) . Consistently, cleavage of PARP was obviously detected throughout the concentration range Cellular Physiology and Biochemistry tested (0.5-8μM) in HL60 cells, whereas in NB4 and U937 cells cleavage of PARP was delayed and detected at the dose of ≥2μM SAHA (Fig. 1B) . To examine apoptosis induced by SAHA, apoptotic cell death was assessed by Annexin V/7AAD staining. As shown in Fig. 1C , after 24 h exposure to SAHA, the apoptotic population was sharply increased in HL60 cells in a dose dependent manner. In contrast, SAHA-mediated apoptotic rate was Table 1 . Three AML cell lines cell cycle profile. Three AML cell lines were exposed to indicated concentrations of SAHA and cell cycle distribution were analyzed by flow cytometry after 24 h. Values were expressed as the mean percentage relative to the total cell population for three experiments ±S.D. (B) NB4 was treated by sequence1 siRNA or negative control, and then, cells were exposed to the indicated concentrations of SAHA. MTT was used to assess cell viability. Data are the mean ± SD of three independent experiments. * p< 0.05. (C) Cell apoptosis rates were monitored by flow cytometry. Data are the mean ± SD of three independent experiments. * p< 0.05. (D) Cells were exposed to SAHA at the indicated concentrations for 24 h, and then, cell lysate was analyzed by western blot with the indicated antibodies. in the G2/M population, indicating that SAHA induced apoptosis in the G0/G1 and S phase cell populations in these cells. Interestingly, SAHA treatment induced obvious p21expression in U937 and NB4 cells but not in HL60cells (Fig. 1B) . These results suggested that U937 and NB4 cells were more resistant to SAHA-mediated apoptosis and p21 expression might be an important factor that led to SAHA resistance in these cells.
Wu
Over-expression of p21 protects HL60 cells from SAHA-induced apoptosis and caspase-8 cleavage
To assess the functional role of p21 in SAHA-related apoptosis, we established p21 over-expression HL60 cells (HL60P21) and appropriate control cells (HL60GFP) using the retrovirus plasmid MSCV-GFP. Fig. 2A showed that the p21 was clearly over-expressed in HL60P21 cells compared to HL60GFP cells. Cells were treated with SAHA at the indicated concentrations for 24 h. Over-expression of p21 significantly prevented SAHA-mediated loss of cell viability by 16.7% (1μM) and 23.9% (2μM, P<0.05) respectively (Fig. 2B) . A consistent result was also observed in the apoptosis assay. The apoptotic rate was reduced nearly three-fold (1μM) and five-fold (2μM) in HL60P21 cells compared to control cells respectively (Fig. 2C) . Furthermore, cleaved caspase-8 and PARP were clearly detected in control cells (HL60GFP) but not in HL60P21 cells at the dose of 1μM. However they were detected in both cells at the dose of 2μM. This indicated that p21 delayed caspase-8 and PARP cleavage upon SAHA treatment (Fig. 2D and E) . Previous reports had shown TRAIL was involved in SAHA mediated apoptosis. We found that following exposure of cells to SAHA, TRAIL expression was increased over basal levels both in HL60GFP and HL60P21 cells. Nevertheless, p21 over-expression exerted little effect on TRAIL expression level. FACS analysis showed that HL60P21 cells were arrested in the G1 phase, as demonstrated by the reduction in S and G2/M phase cells. Enforced expression of p21 afforded significant protection against SAHAinduced apoptosis which was normally indicated by the presence of cells with <2n DNA content ( Table 2 ). In conclusion, these data suggested that p21 could protect AML cells from SAHA-mediate apoptosis and caspase-8 cleavage, most probably by G1 phase arrest.
Down-regulation of p21 enhances SAHA-induced apoptosis and caspase-8 cleavage in NB4
To evaluate whether silencing p21 could sensitize NB4 cells to SAHA, a NB4 cell line transfected with double strand p21-antisense siRNA was employed. As anticipated, p21 levels were dramatically decreased in p21 antisense-expressing cells compared to negative (Fig. 3A) . P21-antisense cells were significantly more sensitive to SAHA-mediated toxicity at increasing SAHA concentrations, leading to 23.5% (1 μM), 28.9% (2 μM), 31.5% (4 μM) and 32.9% (8 μM, p<0.05) reduction in cell viability respectively (Fig. 3B) . The apoptosis induced by SAHA was significantly increased in the p21-antisense cells at ≥4μM SAHA concentrations (p<0.05, Fig. 3C ). Consistent with those findings, the extent of caspase-8 and PARP cleavage was obviously enhanced at ≥2μM SAHA concentrations in p21-antisense cells (Fig. 3D) . Furthermore, p21-antisense cells significantly enhanced SAHA-mediated expansion in the sub-G1 phase populations at ≥4µM SAHA concentrations in FACS assay (Table 3) . From these results, we concluded that p21 knockdown enhanced SAHA-induced apoptosis and caspase-8 cleavage in NB4 cells. 
Overexpression of P21 inhibits TRAIL-induced caspase-8 cleavage and apoptosis
It is well-known that caspase-8 is an important downstream caspase in the TRAILmediated apoptotic pathway. To determine whether p21 inhibit the apoptosis of AML cell through TRAIL-mediated apoptotic pathway, p21 over-expression cells (HL60P21) and control cells (HL60GFP) were treated with indicated concentrations of recombinant TRAIL protein for 24h. Enforced expression of p21 significantly protected cells from lose of cell viability by 20.5% (8 ng/ml), 24.8% (16 ng/ml) and 32.5% (32 ng/ml) respectively (Fig. . Consistently, the apoptosis of p21 over-expression cells was reduced by 25.7% (16 ng/ ml) and 44.3% (32 ng/ml) respectively. Finally, the cleavage of PARP and caspase-8 were notably inhibited in p21 over-expressing cells at ≥8ng/ml TRAIL concentrations (Fig. 4C ). In conclusion, these results suggested that TRAIL-mediated apoptosis was inhibited by overexpression of p21 in AML cells.
TRAIL silencing results in reduced sensitivity to SAHA Previous studies suggested that the TRAIL induction accounted for the cancer selective apoptotic activity of HDACIs. HDACI MS275-induced apoptosis resulted from activation of the extrinsic TRAIL-dependent pathway [7] . To assess specific contributions of TRAIL to SAHA-induced growth-regulatory effects in AML cells, we knocked down the expression of TRAIL by RNA interference. As shown in Fig. 5A and 5B, silencing of TRAIL significantly inhibited the lethal and apoptotic activity of SAHA at≥1μM SAHA concentrations. Consistently, silencing of TRAIL blocked PARP cleavage (Fig. 5C ) and reduced SAHA-mediated sub-G1 expansion throughout the concentration range tested (0.5-2μM) ( Table 4 ).Together these results identified TRAIL as possible key mediators of SAHA-induced apoptosis in AML cells.
Rapamycin down-regulates p21 and sensitizes NB4 and U937 to SAHA
Recent studies in the literature reported that mTOR inhibitor rapamycin enhanced the effect of luteolin with a concomitant p21 inhibition [14] . Based on the preceding results, we predicted that rapamycin might sensitize NB4 and U937 cells to SAHA-mediated cell death by inhibition of p21. To test this hypothesis, we evaluated the potential synergistic effect of SAHA in combination with rapamycin in NB4 and U937 cells. As shown in Fig. 6A , the combination treatment of SAHA plus rapamycin induced a statistically significant decrease in the cell viability compared to SAHA or rapamycin alone. Consistently, the apoptotic assay showed that combined treatment induced an increased apoptotic rate in NB4 and U937 cells by 9.1% and 9.6% respectively (Fig. 6B ). In addition, p21 level was down-regulated with a concomitant of enhanced caspase-8 and PARP cleavage after combined treatment (Fig. 6C) . These results suggested that combination of rapamycin might be a promising strategy to increase the efficacy of SAHA-based treatment against AML cells.
Discussion
Herein we reported that different AML cell lines displayed different sensitivity to SAHA treatment. After 24h of SAHA treatment, HL60 cells were more sensitive to SAHA-induced apoptosis than U937 and NB4 cells. Interestingly, we detected high expression level of p21 in U937 and NB4 cells but not in HL60 cells. Accumulating evidence has shown that p21 is a modulator of apoptotic pathways that can induce either pro-apoptotic or anti-apoptotic responses [15] [16] [17] [18] [19] [20] [21] . The induction of a particular response in transformed cells seems to depend on "cell content", such as molecular changes, cell and HDACI types. HDACI apicidin upregulated the expression of p21 in HL60 cells and contributed to the induction of apoptosis [22] . In contrast, up-regulated p21 expression reduced sensitivity to ABHA by blockage of apoptosis in human melanoma cells [12] . Consistently, antisense ablation of p21 enhanced SAHA-related lethality [11] . To confirm the anti-apoptotic effect of p21 in response to SAHA, we transfected HL60 cells with recombinant p21. As expected, Enforced expression of p21 in HL60 cells afforded significant protection against SAHA-induced apoptosis and toxicity. P21 over-expression cells were arrested in the G1 phase, concomitant with a decrease in S phase content (Table 2 ). Given the notion that S phase cells are more vulnerable to SAHA-mediated cell death, the G1 phase arrest may contribute to the anti-apoptotic effect of p21. Conversely, Antisense ablation of p21 expression in NB4 cells significantly enhanced SAHA-induced apoptosis and lethality. These results indicated that in AML cells p21 was an important factor that blocked the apoptotic mechanism induced by SAHA. 
Cellular Physiology and Biochemistry
A number of mechanisms may contribute to the anti-apoptotic effect of p21, including inhibition of caspase-3, caspase-9 and cyclin A/Cdk2 complex, a requisite effector of apoptotic death [16, 17, 23, 24] . P21 directly bound and inactivated procaspase-3, resulting in resistance to Fas-mediated apoptosis [16] . IR (ionizing radiation) induced caspase-9 activation was abrogated by p21 in colon cancer cells [17] . We observed that after enforced expression of p21 in HL60 cells, the cleavage of caspase-8 and PARP were delayed, whereas silencing of p21 in NB4 cells resulted in obviously enhanced caspase-8 and PARP cleavage. Caspase-8 is responsible for the proteolytic cleavage events associated with extrinsic apoptosis, including PARP cleavage. The delayed cleavage of PARP was most likely to be a consequence of the inhibition of caspase-8 activation. These results suggested that reduced ability to rapidly cleave caspase-8 and PARP was closely correlated with up-regulated p21 expression in those cells, indicating that p21 exerted anti-apoptotic effect in AML cell lines via blockage of caspase-8 dependent extrinsic pathway.
Caspase-8 is an important downstream effector of the TRAIL apoptotic pathway [25] . TRAIL is a member of the TNF family of apoptosis-inducing proteins that initiates apoptosis in a variety of cancer cells [26] [27] [28] . TRAIL-receptor ligation recruits and activates pro-caspase-8, which leads to initiation of the extrinsic apoptotic pathway. The extrinsic apoptotic pathway accounts for HDACI-induced cell death in many transformed cells [8, 29, 30] . Previous studies revealed that SAHA induced expression of TRAIL by directly activating its promoter and triggering TRAIL-mediated apoptosis in acute myeloid leukemia cells [29] . This was consistent with our finding that TRAIL expression was up-regulated upon SAHA treatment (Fig. 2E) . Antisense ablation of TRAIL in the sensitive HL60 cells significantly reduced SAHA-mediated apoptotic and cytotoxic effects, indicating that TRAIL signaling pathway was important for SAHA pharmacological action.
Previous reports showed that TRAIL-induced apoptosis was associated with p21 levels [31, 32] . But the role of p21 in regulating TRAIL-mediated apoptosis was controversial. P21 was required for HDACI sodium butyrate and TRAIL-induced apoptosis in breast cancer cells [31] . In contrast, over-expression of p21, or its N-terminal 91 amino acids containing cell cycle-inhibitory activity inhibited TRAIL receptor DR4-dependent caspase cleavage in colon cancer cell lines [32] . We examined whether TRAIL-induced apoptosis was regulated by p21 in AML cells. The results showed that TRAIL-mediated apoptosis and lethality were significantly reduced by p21 over-expression ( Fig. 4A and 4B) . Notably the cleavage of caspase-8 and PARP was blocked throughout the TRAIL concentration range in p21 over-expression cells (Fig. 4C) . The reduced cleavage of PARP was most likely to be a consequence of the inhibition of caspase-8 activation by p21. Nevertheless, certain extent of PARP cleavage was detected in control cells for the probable reason that other upstream caspases participated in the TRAIL apoptotic pathway. Moreover, p21 over-expression exerted minimal effect on TRAIL expression level in HL60 cells. The data presented here suggested that p21 up-expression blocked caspase-8 cleavage to suppress TRAIL-mediated apoptosis, which might be an important reason that reduced SAHA-mediated apoptosis in AML cells. These results indicate that use of SAHA as a chemotherapeutic drug may be more effective in AML treatment when it does not induce p21 expression.
Recent studies reported that mTOR inhibitor rapamycin enhanced the effect of luteolin with a concomitant p21 inhibition [14] . Rapamycin is known to inhibit the mammalian target of rapamycin (mTOR) protein kinase, but its role in controlling tumour sensitivity is poorly understood [33] . We found that co-treatment of SAHA with rapamycin downregulated p21 and increased the sensitivity of AML cells to SAHA, which was accompanied by cleavage of PARP and caspase-8. These findings provide evidence that rapamycin may partially overcome p21-mediated resistance to SAHA in AML treatment.
In summary, we reported here that p21 functioned as an anti-apoptotic modulator through suppression of the TRAIL apoptotic pathway, which led to resistance to SAHA in AML cell lines. Moreover, we found that combined treatment with SAHA and rapamycin might be effective in clinical AML treatment. Our results give a new insight into the mechanism by which p21 suppresses apoptosis and enhances cell survival in SAHA-treated AML cells. 
